This paper presents a computational and theoretical study of the yields for the 12 C͑p,␥͒ 13 N and 12 C͑d,n͒ 13 N nucleosynthesis reactions driven by high-energy ͑MeV͒ Coulomb explosion ͑CE͒ of ͑CH 4 ͒ n and ͑CD 4 ͒ n nanodroplets ͑n =10 4 -10 7 , radii R 0 = 100-500 Å͒ in ultraintense near-infrared Gaussian laser fields ͑peak intensities I M =10
I. INTRODUCTION
The response of elemental and molecular clusters to ultraintense ͑peak intensity I M =10 15 -10 21 W cm −2 ͒, ultrafast ͑temporal length = 10-100 fs͒ laser pulses drives attosecond-femtosecond electron dynamics of sequentialparallel inner ionization, nanoplasma formation, and outer ionization of the nanoplasma. [1] [2] [3] Concurrently and in parallel with outer ionization, nuclear dynamics of Coulomb explosion ͑CE͒ sets in ͑on the time scale of 10-100 fs͒, with the production of high-energy ͑1 keV-1 MeV͒, highly charged ions and nuclei. 2, 3 The energies of the ions or nuclei produced by cluster CE increase with increasing the cluster size, as shown experimentally, [4] [5] [6] [7] [8] [9] [10] demonstrated by molecular dynamics ͑MD͒ simulations, [11] [12] [13] [14] [15] [16] and established theoretically with the advent of scaling laws for CE energetics. 6, [17] [18] [19] Important applications of high-energy CE for nuclei pertain to tabletop dd 2 D͑d,n͒ 3 He fusion driven by CE of deuterium containing clusters 6, 8, 11, [20] [21] [22] [23] and to nucleosynthesis of p + A reactions ͑A= 12 C 6+ , 14 N 7+ , and 16 O 8+ ͒ driven by CE of large clusters of ͑CH 4 ͒ n , ͑NH 3 ͒ n and ͑H 2 O͒ n , 24 which is of interest in nuclear astrophysics. 25 In what follows we shall refer to a large cluster with R 0 Ն 100 Å ͑10 nm͒ as a nanodroplet. The realization of efficient nucleosynthesis driven by nanodroplet CE will be achieved under the following conditions:
͑1͒ Production of nuclear matter. Complete inner and outer nanodroplet ionizations are required to produce "bare" nuclear matter of protons and nuclei ͑or protons and highly charged heavy ions͒.
͑2͒ Extreme inner ionization. The laser intensity ͑character-ized by the peak intensity I M ͒ has to be sufficiently high to allow for the formation of bare nuclei by inner ionization. For a single CH 4 molecule, this can be realized for I M Ͼ 4 ϫ 10 19 W cm −2 . For nanodroplets, the intensity corresponding to a complete stripping of a molecule is reduced relative to the single atom value, due to the ignition effect, which originates from the contribution of the ions to the inner field that drives barrier suppression ionization. 2, 3, 26 ͑3͒ Complete outer ionization. Complete outer ionization of the nanoplasma electrons will be realized at a laser peak intensity of I M for a cluster radius of R 0 Յ R 0 ͑I͒ , where R 0 ͑I͒ is the border radius for complete cluster outer ionization, 12, 14 which is referred to as cluster vertical ionization ͑CVI͒. The intensity dependence of the border radius is 12, 14 R 0 ͑I͒ ϰ I M 1/2 . At very high, but accessible, intensities of I M ͑=10 20 W cm −2 ͒, the largest cluster ͑nano-droplet͒ sizes undergoing CVI fall in the range of R 0 = 350− 750 Å ͑with R 0 Ͻ R 0 ͑I͒ ͒, 24 which is amenable to experimental preparation. ͑4͒ Attainment of ultrahigh CE energies. The maximization of the yields of p + A nucleosynthesis will be achieved at high center of mass energies ͑E͒ of the nuclei, where the cross sections 25 attain their highest values; i.e., E Ӎ 400 keV for the 12 C 6+ ͑p,␥͒ 13 N 7+ reaction ͑Fig. 1͒, and E Ͼ 1 MeV for the 14 N͑p,␥͒ 15 O and 16 O͑p,␥͒ 17 F reactions. 25 The cluster size dependence of the kinetic energies of the nuclei requires the utilization of large "bare" nanodroplets of nuclear matter. The nanoparticle size dependence of the maximal energies E M and the average energies E av for ions from CE in the CVI domain ͑R 0 Յ R 0 ͑I͒ ͒ is given by the divergent scaling law E av , E M ϰ R 0 2 . CE of nanodroplets in the size domain R 0 Ӎ R 0 ͑I͒ ͑point 3͒ will result in kinetic energies of ϳ30 MeV for C 6+ , N 7+ , and O 8+ nuclei, and of ϳ3 MeV for protons, which are required to drive efficient nucleosynthesis ͑point 1͒. We note in passing that a further increase of R 0 brings the system to the non-CVI domain ͑R 0 Ͼ R 0 ͑I͒ ͒, where the increase of E M and E av with increasing R 0 is slowed down and the ion energy becomes significantly dependent on the laser intensity.
Recently, we used 24 a simplified picture for inner/outer nanodroplet ionization, in conjunction with an electrostatic model for the energetics of CE of nanodroplets, to estimate the yields for p + A reactions. In this paper we present a theoretical and computational study of the 12 C͑p,␥͒ 13 N nucleosynthesis reaction driven by CE of methane clusters. The large nanodroplet sizes ͑containing ϳ10 5 -10 7 atoms͒, for which CE drives efficient nucleosynthesis, preclude the use of the traditional particle MD simulation methods. We utilized a scaling procedure for MD simulations recently suggested by Petrov et al. 27 and developed by us, 16 which allows for the computations of extreme cluster ionization levels for multielectron dynamics and CE energetics in nanodroplets. This scaling procedure for MD will provide new information for the ␥-ray yields in the 12 C͑p,␥͒ 13 N nucleosynthesis driven by CE of ͑CH 4 ͒ n nanodroplets. We performed estimates of the nucleosynthesis yields under real-life conditions, incorporating the effects of nanoparticle size distribution on the CE energy distribution, and of the attenuation of the laser intensity in an assembly of nanoparticles. The same computational methods will also be applied for the evaluation of neutron yields for the 12 C͑d,n͒ 13 N fusion reaction, for which experimental data on surfaces have become available.
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II. THE 12 C"p,␥… 13 
N NUCLEOSYNTHESIS REACTION DRIVEN BY CE OF METHANE NANODROPLETS

A. Nucleosynthesis reactions inside and outside the plasma filament
We consider the 12 C͑p,␥͒ 13 N nucleosynthesis reaction induced by the collision of two energetic nuclei, i.e., Z 1 and Z 2 , generated by CE of molecular nanoparticles, whose constituent molecules contain these nuclei. The high-energy nuclei and heavy ions are generated inside a restricted laser focus volume, V f , where the uniform plasma filament is formed, whereas the ionization of clusters outside this volume can be ignored. 29 Two distinct nucleosynthesis reaction modes driven by CE of nanodroplets will be established, pertaining to reactions within the laser focal volume and outside of it. Nucleosynthesis reactions take place both inside the plasma filament ͑IF͒, where collisions between highenergy nuclei produced from CE of different clusters occur, 6, 8, 21, 29 and outside the plasma filament ͑OF͒, where the high-energy nuclei from the plasma filament collide with nuclei within clusters located in the cluster beam outside the filament. 22 The IF and OF reactions are schematically presented in the inset to Fig. 1 . The total reaction yield ͑per laser pulse͒ is
with the Y IF and Y OF yields for the IF and OF reactions, respectively, being determined for heteronuclear collisions by the equation
where k 1 and k 2 are the number of reagent atoms in a molecule, mol is the molecular density within the relevant reaction volume, ᐉ is the reaction path length, and ͗͘ is the reaction cross section averaged over the energy distribution of the reactants. The attributes ᐉ and ͗͘ are different for the Y IF and Y OF components. It is important to note that highly charged atomic ions ͑e.g., C q+ , q Ͻ 6͒ with sufficiently high energies may also contribute to the reaction yield in the same way as bare nuclei since the bound energy of atomic electrons is much lower than the collision energy of reactants.
The reaction path length in the IF mode ͑ᐉ IF ͒ is of the order of the plasma filament radius ͑r f ͒. 6 In our work, we take it as ᐉ IF = 1.6r f . 11 The reaction path length of the OF mode ᐉ OF is equal to the cluster beam radius R beam ͑for R beam r f ͒, provided that the energy losses of the highenergy particles along the path ᐉ OF = R beam are small. The geometric parameters in Eq. ͑2͒ will now be specified. The laser filament volume, where the high-energy nuclei and heavy ions are formed, is taken as V f =5ϫ 10 −7 cm 3 , 24 with a filament radius of r f = 0.002 cm. The low values of these geometric parameters are due to the ultrahigh intensity employed herein ͑I M =10 18 
where E H and E C are the laboratory frame energies of protons and of C q+ ions, respectively, P͑E H ͒ and P͑E C ͒ are their energy distributions, E M H and E M C are energy maxima, ␣ is the collision angle, and E cm is the center of mass energy,
with m H =1, m C = 12, and the reduced mass = 0.923. In the OF mode, the average reaction cross section is reduced to the sum of two one-dimensional integrals representing the collisions, i.e., p͑E H Ͼ 0͒ + 12 C͑E C =0͒ and 12 C͑E C Ͼ 0͒ +p͑E H =0͒, so that
͑5͒
The center of mass energies in Eq. ͑5͒ are
and
The dependence of the cross section ͑E cm ͒ on the center of mass energy E cm , presented in Fig. 1 , was derived from the ͑E H , E C =0͒ data 30 by using Eq. ͑6a͒. The reaction cross section exhibits a sharp resonance with a maximum at E cm Ϸ 420 keV. The optimal interval, providing relatively large reaction cross sections, i.e., ϳ 10 −29 -10 −28 cm 2 , lies in the vicinity of this maximum in the range E cm Ϸ 370-510 keV. In the OF mode the optimal energy interval corresponds, according to Eqs. ͑6a͒ and ͑6b͒, to the laboratory frame energies E H Ϸ 400-550 keV and E C Ϸ 4.8-6.6 MeV. In the IF mode for the front collisions, ␣ = 180°, the optimal laboratory frame energies lie, according to Eq. ͑4͒, inside the intervals determined by the condition
The calculation of the reaction cross sections ͗͘ averaged over the energy distribution of the reactants ͑nuclei or heavy ions͒ for the IF mode ͓Eq. ͑3͔͒ and for the OF mode ͓Eq. ͑5͔͒ requires the simulation of the energy distributions P͑E H ͒ and P͑E C ͒ in CE of the parent cluster. The kinetic energy distribution P͑E͒ for nuclei and ions from CE of clusters qualitatively differs from the thermal energy distribution P thermal ͑E͒ ϰ E 1/2 exp͑−␤E͒ in the following features. ͑1͒ P thermal ͑E͒ is characterized by a long, high-energy tail, while P͑E͒ is restricted in the range E Յ E M , with E M being close to E av . ͑2͒ In CE of heteroclusters, e.g., ͑CH 4 ͒ n , the energies of the heavy nuclei or ions are larger by a numerical factor of 4-6 than the protons, due to charge effects. 11 Thus, the energetic carbon nuclei and ions may also contribute to the 12 C͑p,␥͒ 13 N reaction yields; while in thermal equilibrium, only the high-energy protons contribute to this reaction.
Since the values of the ͑E H / m H ͒ 1/2 and ͑E C / m C ͒ 1/2 terms in the inequality ͑7͒ are expected to be close to each other, the efficient reaction cross section in the IF mode can be reached at lower ion energies than in the OF mode.
B. A scaling procedure for the simulations
Data for the kinetic energy distributions P͑E͒ of the CE product nuclei and heavy ions were obtained from simulations of scaled electron and ion dynamics ͑SEID͒ for nanodroplets driven by ultraintense lasers. The SEID considers MD in a scaled cluster with a reduced number of composite particles ͑pseudoelectrons and pseudo-ions/nuclei͒, scaled initial interparticle distances and scaled short-range potential parameters. 16 The conditions for the accuracy of the SEID method rest on the realization of nearly identical accelerations and trajectories of the cluster particles and of the composite particles within the scaled cluster. In the SEID procedure, a single scaling parameter s is used for the composition, mass, and charge of all pseudoparticles. The initial distances between the pseudoparticles are scaled by s 1/3 . The scaled molecule of the scaled methane cluster consists of five heavy pseudoparticles ͑HPPs͒, i.e., one carbon pseudoparticle C with mass m C = sm C , separated initially from the pseudoparticle C by the distance r C-H = s 1/3 r C-H , with r C-H being the C -H distance in the CH 4 molecule. In accordance with the standard simulations, where each cluster atom at the onset of the SEID simulations is singly ionized, 26 the initial HPP charges are q C = q H = se. In the vicinity of each HPP, a light pseudoparticle ͑LPP͒ with mass m e = sm e and charge q e =−se is located at distance r b = s 1/3 r b , r b being the barrier suppression ionization distance. 16 The neighboring carbon HPPs, C , are initially separated from each other by the distance r C-C = s 1/3 r C-C , with r C-C being the C -C distances in the neutral cluster. The number ñ of scaled molecules in the scaled ͑C H 4 ͒ ñ cluster is determined as the closest integer to the value n / s, with n being the number of molecules in the real ͑CH 4 ͒ n cluster. The radius R 0 of the scaled cluster is close to the real cluster radius R 0 , if the condition ñ 1 is fulfilled. After the scaled cluster is constructed in its initial structure, the standard MD simulation procedure for the pseudoparticle is applied.
C. Energy distribution and averaged cross sections
In cluster CE experiments the cluster beam consists of different size clusters. 7, 8, 31, 32 Consequently, the energy distributions produced in the plasma filament ions have to be determined by averaging over the cluster size distribution ⌸͑R 0 ͒,
where P͑E J ; R 0 ͒ is the energy distribution of ions J ͑=H,C͒ produced by a single cluster of radius R 0 . The spatial disper-
123102-3
Nucleosynthesis driven by Coulomb explosion… Phys. Plasmas 14, 123102 ͑2007͒ sion of the laser intensity I M inside the plasma filament 32 will be ignored. We use the log-normal size distribution
where R av is the average cluster radius and R is the dispersion width of the cluster radius R 0 , which is related to the dispersion of the width of the cluster molecule number n by R = n / 3. In this work we take the size dispersion width n =1 ͑ R = 0.333͒, 8 for the size averaged energy distributions ͓Eq. ͑8͔͒. Replacing P͑E H ͒ and P͑E C ͒ in Eqs. ͑3͒ and ͑5͒ by P ͑E C ͒ and P ͑E H ͒ ͓Eq. ͑8͔͒ results in the cluster size averaged cross sections for the IF and OF modes.
In order to calculate the 12 C͑p,␥͒ 13 N reaction cross sections and yields, we performed the SEID simulations for methane clusters ͑CH 4 ͒ n in the size domain R 0 = 90-500 Å ͑n =8ϫ 10 4 -9ϫ 10 6 ͒. We are using a near-infrared Gaussian laser pulse with light frequency = 0. 35 −2 , all of the clusters treated by us, except for the smallest one, belong to the non-CVI ionization domain, whereas at the two other peak intensities the CVI border lies inside our cluster size domain. In Fig. 2 we present the size dependence of the maximal energies E M .
The size dependence of E M ͑R 0 ͒ is affected first of all by the transition at R 0 ϳ R 0 ͑I͒ from the CVI to the non-CVI behavior and, in the case of a fixed ion charge, from the CVI E M ϰ R 0 2 dependence to the roughly linear E M increase with R 0 at R 0 R 0 ͑I͒ . 24 Such a size dependence of E M ͑R 0 ͒ may be complicated by the energy increase due to the increase of the charge of the carbon ion C q+ with increasing R 0 , which is due to the ignition effect. The most complicated behavior is exhibited at the intensity I M =10 18 W cm −2 , when the average carbon charge increases from q = 4 for R 0 =90 Å to q = 5.8-5.96 in the interval R 0 = 285-498 Å.
The maximal energies E M for the efficient reaction in the OF mode, i.e., E H Ϸ 400-550 keV and E C Ϸ 4.8-6.6 MeV ͑see Sec. II A͒, are provided by clusters with R 0 ϳ 400, 260, and 250 Å for I M =10 18 , 4ϫ 10 18 , and 10 19 W cm −2 , respectively ͑Fig. 2͒. The reaction efficiency, however, is determined not only by the maximal energy E M but also by the shape of the energy distribution, and particularly by the ion fractions in the vicinity of the E M energy. Two single cluster energy distributions with similar E M values are shown in Fig.  3 . One of these distributions, for the R 0 = 203 Å cluster at I M =10 19 W cm −2 , belongs to the CVI domain, whereas the second one, for the R 0 = 285 Å cluster at I M =10 18 W cm −2 , corresponds to the non-CVI domain with R 0 Ͼ R 0 ͑I͒ . In the CVI case, the energy distributions P͑E H ͒ and P͑E C ͒ for a single cluster size reveal large high-energy maxima in the vicinity of E M . This feature, which originates from kinematic effects, 11, 12 is favorable for enhancement of the reaction efficiency, at least for energies lower than the reaction crosssection peak ͑Fig. 1͒. In the non-CVI case, the P͑E H ͒ distribution reveals not only the high-energy maximum, which is lower and broader than in the CVI case, but also a lowenergy ͑E H ϳ 0͒ maximum. The differences between the two energy distributions indicate the decrease of the fraction of high-energy protons and carbon ions in the non-CVI domain as compared to the CVI domain.
In Fig. 3 , along with the single cluster energy distributions, we also present the energy distributions P ͑E H ͒ and P ͑E C ͒ averaged over the cluster sizes for the size dispersion width n = 1, and for the averaged cluster radii R av , which are equal to the single cluster radii of Fig. 3 . The size averaged energy distributions, in contrast to the single clusters, have long high-energy tails, which resemble the thermal distribution. The oscillations in P ͑E͒ are of statistical origin. Size averaging results in a marked increase of the maximal energy 
D. Light absorption by a single nanodroplet
The simulations of cluster ionization are based on the assumption that the laser field inside a cluster is spatially homogeneous. This assumption is violated when the light absorption by the cluster particles ͑electrons, basically͒ is sufficiently strong to contribute to the attenuation of the laser intensity along its propagation path inside the cluster. Following the treatment proposed by us for the laser light attenuation in the plasma filament, 33 we consider the attenuation inside a cluster to be unimportant if the energy flow ͑E fl ͒ through the cluster is much larger than the total energy ͑E tot ͒ absorbed by the cluster particles, i.e.,
We present 33 E tot as the total energy of the CE product ions and electrons, and E fl as the laser pulse energy flow through the cluster section area at the pulse peak ͑t = 0 in our simulations͒, which is given by E fl = 2.36 ϫ 10
Equation ͑11͒ presents the cluster radius R͑t͒ in Å, the pulse width in femtoseconds, the peak intensity I M in W cm −2 , and E fl in keV. The simulations provide E tot which, together with E fl ͓Eq. ͑11͔͒, allows us to check the validity condition ͓Eq. ͑10͔͒. We suggest to consider moderately weak light attenuation for E fl Ͼ 2E tot . This condition for small absorption by a single cluster is fulfilled at I M Ն 4 ϫ 10 18 W cm −2 for all methane cluster sizes ͑R 0 = 90-500 Å, n =5ϫ 10 4 -9 ϫ 10 6 ͒ considered herein and for R 0 Յ 400 Å at I M =10 18 12 C͑p,␥͒ 13 N reaction, in the IF mode ͑a͒ and in the OF mode ͑b͒. The laser peak intensities ͑in W cm −2 ͒ are marked on the curves. The order of the peak intensities in the insets is identical to those in the main frame.
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͗͘ OF cross sections of the size averaged energy distributions do not reveal any maxima, but only some saturation behavior.
The reaction yields for a given experimental condition were evaluated ͓Eq. ͑2͔͒ from the cross sections ͑Fig. 4͒. The following parameters 24 were used in Eq. ͑2͒: mol =4 ϫ 10 18 cm −3 , V f =5ϫ 10 −7 cm 3 , ᐉ IF = 0.0032 cm, and ᐉ OF = 0.1 cm. Eq. ͑2͒ is valid in the OF mode if the energy losses of ions along the ᐉ OF path are small ͑Sec. II A͒. Because of the lack of data concerning energy losses of the nuclei in methane, we used the data for energy losses of protons in the air, 34 where the energy losses are expected to be somewhat larger than in methane. For the air density of 10 −4 g cm −3 , equal to the methane density of mol =4ϫ 10 18 cm −3 , the E H Ͼ 300 keV protons, which are mainly responsible for the reaction yield, lose along the path of 0.1 cm less than 2% of their energy. The carbon nuclei energy losses were found by using the Born approximation with appropriate scaling. 35 Since we consider carbon nuclei and protons of the same velocity ͑the same center of mass energy͒, the scaling becomes very simple; namely,
According to this relation, the relative energy losses of C 6+ are only three times larger than for protons, being less than 6%. The energy losses are probably much stronger for C q+ ions with q Ͻ 6; however, the fraction of these ions is significant only for the I M =10 18 W cm −2 intensity when carbon nuclei do not contribute significantly to the reaction. Our estimations allow us to conclude that at I M Ͼ 10 18 W cm −2 the energy losses of highenergy particles for ᐉ OF of the order of 0.1 cm or less can be neglected 
B. Attenuation of the laser beam by a cluster assembly
The reaction yields presented in Fig. 4 were obtained for a homogeneous laser intensity inside the plasma filament. The attenuation of the laser beam by the clusters is expected to decrease the nucleosynthesis yield in comparison to the "ideal" conditions of spatial homogeneity of the laser beam. In Sec. II D we showed that light absorption by a single nanoparticle is nearly negligible. However, the laser intensity may decrease along the propagation path due to light absorption by an assembly of clusters. 33 Following our previous work, the laser peak intensity attenuation by an assembly of clusters is given by
where z is the propagation direction of the laser beam, E mol is the average ion energy ͑in keV͒ per molecule, and is a numerical parameter that is determined by the ratio of electron energy released in cluster extreme inner/outer ionization and of ion ͑nuclei͒ kinetic energy released in CE. Estimates of values were obtained from previous simulations, 33 with = 1.15 in the CVI domain ͑R 0 R 0 ͑I͒ ͒, and = 1.83 in the far range of the non-CVI domain ͑R 0 R 0 ͑I͒ ͒. For our calculations we took the value of = 1.5, which corresponds to R 0 ϳ R 0 ͑I͒ .
We shall take the light attenuation to be significant when the initial intensity decreases by 33%. The corresponding distances, denoted by Z 1/3 , are presented in Fig. 5 for the size averaged ion energies ͑with n = 1.0͒. In the cylindrical filament with length Z f , the decrease of the reaction yield due to light attenuation is taken to be negligible for Z 1/3 Ն Z f , whereas for Z 1/3 Ͻ Z f the yield corrected for the attenuated laser peak intensity is approximately decreased by ͑Z 1/3 / Z f ͒, due to the reduction of the effective filament volume. In Fig.  5 we present the effect of light attenuation on the reaction yields for the filament volume of V f =5ϫ 10 −7 cm 3 used by us and for two values of the filament length: Z f = 0.04 and 0.02 cm. In Fig. 5 we also show data for the yields Y, with Y OF providing the dominating contribution to nucleosynthesis. In contrast to Y IF , which also decreases with increasing attenuation, Y OF does not depend on the filament shape. For larger values of R av , which are of interest to us, the decrease of the Y OF yields due to light attenuation does not exceed the numerical factor of ϳ5.
From the foregoing analysis, we conclude that with the realistic nanodroplet beam and laser parameters used herein, and for a size dispersion width of n = 1, CE of methane clusters ͑nanodroplets͒ with R av Ͼ 160 Å driven by an ultraintense laser with I M Ն 4 ϫ 10 18 W cm −2 ͑ =25 fs͒ is ex- pected to provide detectable nucleosynthesis yields in the range of 10-100 per laser pulse, which are amenable to experimental observation.
IV. NEUTRON YIELD FROM THE
12
C"d,n… 13 
N REACTION
We considered the 12 C͑p,␥͒ 13 N reaction driven by CE of methane ͑CH 4 ͒ n nanodroplets. Another nucleosynthesis process involving 12 C 6+ nuclei is the 12 C͑d,n͒ 13 N reaction driven by CE of deuterated methane ͑CD 4 ͒ n nanodroplets. This reaction, which has not yet been studied experimentally in cluster beams, was recently subjected to an experimental study by Youssef et al., 28 by the irradiation of a CD 2 -solid target with a near-infrared laser and a peak intensity of I M =3ϫ 10 18 W cm −2 . The cross section for the 12 C͑d,n͒ 13 N reaction is relatively large, being about 2 ϫ 10 −25 cm −2 at maximum, with a high ͑ϳ0.5 MeV͒ center of mass energy threshold. 36 Simulations of ͑CD 4 ͒ n cluster-ultraintense laser interactions were performed for the cluster size interval of 250 Å Ͻ R 0 Ͻ 500 Å at the laser peak intensity of I M =4 ϫ 10 18 W cm −2 , which is close to the experimental value of I M =3ϫ 10 18 W cm −2 . 28 The energies of the light ͑D + ͒ and heavy ͑C 6+ ͒ ions produced by CE of ͑CD 4 ͒ n differ by Ͻ10% from the energies of the H + and C 6+ produced by CE of ͑CH 4 ͒ n with the same size. In Fig. 6 we present our simulation results for the cluster size dependence of the reaction cross sections and the neutron yields calculated for the energy distribution for single clusters and for the size averaged energy distribution. These data were obtained using Eq. ͑2͒, with the ͗͘ values calculated from Eqs. ͑3͒-͑6͒ with E H being replaced by the deuteron energy E D , and m H being replaced by the deuteron mass m D and using the cross sections for the 12 C͑d,n͒ 13 N reactions. 36 The size-dependent energetic data were obtained from SEID MD simulations and from the size distribution parameter n = 1. The plasma filament parameters were taken to be identical to those used in Secs. II and III.
The energy averaged reaction cross sections ͗͘ and the neutron yields Y of single clusters increase monotonically with increasing R 0 ͑Fig. 6͒. This increase is much steeper in the IF mode than in the OF mode with ͗͘ IF being larger than 12 C͑d,n͒ 13 N reaction driven by CE explosion of ͑CD 4 ͒ n clusters ͑R av Ͼ 300-450 Å͒ is smaller by only a numerical factor of 4-7 than in the experimental results 28 for the yield of this nucleosynthesis reaction driven by laser ͑at similar intensity͒ -CD 2 solid interaction. The 12 C͑d,n͒ 13 N reaction studied herein competes with the D͑d,n͒ 3 He fusion reaction, with neutron production in both channels. 28 In what follows we consider the cross sections and the product neutron energies of those two parallel reactions. In Table I we present the deuteron energies of CE of ͑CD 4 ͒ n nanodroplets, together with the corresponding energy averaged cross sections ͗͘ OF , for the 12 3 He reactions are ϳ1 / 2, so that the neutron yields for the two parallel reactions are of the same magnitude. However, the two reactions produce neutrons in different energy regions. We estimated the neutron energies produced by deuterons with an energy of 1.3 MeV, and 12 C nuclei with an energy of 7.8 MeV ͓driven by CE of ͑CD 4 ͒ n nanodroplets with R 0 = 450 Å and I M =4 ϫ 10 18 W cm −2 ͔, by using the analysis of Youssef et al. 28 The endothermic 12 C͑d,n͒ 13 N reaction ͑ 12 C+D→ 13 N+n − 0.28 MeV͒, 36 which has an energetic threshold for deuterons of 0.328 MeV, will result in neutrons in the energy range of up to 2.4 MeV. 28 On the other hand, the D͑d,n͒ 3 He reaction ͑D+D→ 3 He+ n + 3.38 MeV͒ with E M D = 1.3 MeV will produce neutrons in the energy range of 2.3-4.5 MeV. 28 Neutron energy resolution will distinguish between the two parallel reaction channels, with lower energy ͑0 -2.4 MeV͒ neutrons being produced by the 12 C͑d,n͒ 13 N reaction.
V. DISCUSSION
We explored the yields for the 12 C͑p,␥͒ 13 N and the 12 C͑d,n͒ 13 N nucleosynthesis reactions driven by highenergy CE of ͑CH 4 ͒ n and ͑CD 4 ͒ n nanodroplets ͑n =10 4 -10 7 , R 0 = 100-500 Å͒. Our computational-theoretical study of multielectron inner ionization, nanoplasma response, and outer ionization, as well as CE of nanodroplets, rests on the SEID MD simulation procedure, which provides the input information for the calculations of the nucleosynthesis reaction yields. At 4 ϫ 10 18 -10 19 W cm −2 ͑ =25 fs͒ and under realistic experimental conditions, the 12 C͑p,␥͒ 13 N nucleosynthesis driven by CE of ͑CH 4 ͒ n nanodroplets ͑with R av = 250-350 Å͒ is characterized by ␥-ray yields ͑per laser pulse͒ of Y ϳ 100 in the absence of attenuation, reducing to Y ϳ 20 for effective laser beam attenuation. In the same intensity range, the 12 C͑d,n͒ 13 N nucleosynthesis driven by CE of ͑CD 4 ͒ n nanodroplets ͑with R av = 300-450 Å͒ is characterized by neutron yields of Y Ϸ͑4-9͒ ϫ 10 4 in the absence of attenuation. We conclude that table-top p + 12 C and d + 12 C nucleosynthesis driven by CE of molecular nanodroplets is amenable to experimental observation.
We advanced a theoretical and computational study of the conditions for the realization of an efficient target for nucleosynthesis with moderately heavy 12 C nuclei, driven by CE of ͑CH 4 ͒ n and ͑CD 4 ͒ n nanodroplets in ultraintense, nearinfrared laser fields. For the p + 12 C and d + 12 C reactions, as well as for reactions involving other moderately heavy nuclei ͑i.e., p + 14 N or p+ 16 O͒, 24 experimental results are not yet available, whereupon the present study provides predictions for the attainment of nucleosynthesis driven by CE of nanodroplets under "real-life" conditions. The currently available relevant experimental results pertain to the 12 C͑d,n͒ 13 N fusion reaction driven by solid surface interactions 28 ͑Sec. IV͒, whose analysis is complicated by debris problems. 22 A central result emerging from our analysis of nucleosynthesis reactions with 12 C nuclei is the energetic requirement for the production of protons and deuterons with average and maximal energies in the range of 0.5-2 MeV, which is accomplished by CE of nanodroplets ͑R 0 = 100-500 Å͒. An experimental confirmation of our theoretical and computational results emerges from the production of deuterons in the energy range up to 1 -2 MeV, which was reported by TerAvetisyan et al. 22 charges, and the differences ͑within a numerical factor of 2 or less͒ in the number of deuterons in the molecular constituents, the nanodroplet radii and the intensities, this comparison is only approximate. The realization of an efficient target of nanoparticles ͑R 0 Ͼ 100 Å͒ or clusters ͑R 0 Ͻ 100 Å͒ requires that CE of the extremely charged nanostructures will produce nuclei with sufficiently high kinetic energies for which the nuclear reaction cross sections attain high values. As pointed out in Ref. 22 , the use of MeV deuterons for the D͑d,n͒ 3 He reaction driven by CE of ͑D 2 O͒ n nanodroplets is advantageous, as the cross sections increase from = 1.7ϫ 10 −26 cm 2 at E cm = 100 keV to = 9.6ϫ 10 −26 cm 2 at E cm = 1 MeV. 30 However, the moderate increase of in this energy range E M D = 100 keV-1 MeV enables experimental studies of dd fusion driven by CE of deuterium containing clusters ͑in the size domain of R 0 = 30-100 Å͒ in the lower energy range of 120 keV, 21 and even at lower energies of ϳ10-120 keV, 6, 8, [20] [21] [22] [23] in accord with theoreticalcomputational results. 11, 12, 37 On the other hand, for the 12 C͑d,n͒ 13 N reaction driven by CE of ͑CD 4 ͒ n nanostructures ͑Sec. IV͒ at I M =4ϫ 10 18 W cm −2 , the energy averaged cross sections steeply rise ͑by four orders of magnitude͒ in the size domain R 0 = 285-370 Å and exhibit a moderate increase in the range R 0 = 370-500 Å ͑Table I and Fig. 6͒ , while averaging over the nanodroplet size distribution will increase the size domain for this reaction ͑Fig. 6͒. Accordingly, it is imperative to use large nanodroplets ͑R 0 = 200-500 Å͒ for efficient 12 C͑d,n͒ 13 N nucleosynthesis. High-energy dynamics of multicharged nanostructures transcends dd fusion driven by keV CE of clusters towards nucleosynthesis with moderately heavy nuclei driven by MeV CE of nanodroplets.
An important mechanistic aspect of the nucleosynthesis reactions considered herein pertains to the distinction between the IF reaction mode within the laser focal volume and the OF reaction mode outside it. A cursory examination of the dependence of the ratio yields on the geometric factors of the laser+ cluster beam ͓Eq. ͑2͔͒ reveals that this ratio is independent of V f , 13 N reaction in exploding methane nanodroplets is expected to provide novel dynamic information on the reaction modes for tabletop nucleosynthesis driven by nanodroplet CE.
